Introduction
Bumblebees of various species have become increasingly important as commercially available pollinators, especially in the greenhouse industry around the world (Fisher and Pomeroy 1989; Banda and Paxton 1991; Kevan et al. 1991; van Ravestijn and van der Sande 1991; Dogterom et al. 1998; Velthuis and van Doorn 2006) . Although these bees work on flowers efficiently and bring about levels of pollination that exceed those eventuating from automatic self-pollination (Shipp et al. 1994; Porporato et al. 1995; Ercan and Onus 2003; Roldan Serrano and Guerra-Sanz 2006) and human-assisted pollination (Kevan et al. 1991; Chen and Hsieh 1996; Dogterom et al. 1998; Pressman et al. 1999; Dag and Kammer 2001; Morandin et al. 2001a; Dasgan et al. 2004; Palma et al. 2008a,b) , it is important to assess the activities of bumblebees under greenhouse conditions to optimize the bees' activity levels, pollination efficiencies (Morandin et al. 2001b ) and losses from greenhouses (Morandin et al. 2001c) . For example, the nature of the coverings of the houses influences activity (Morandin et al. 2002) , as can regimes of temperature (Kwon and Saeed 2003) , humidity and light. Understanding seasonal (Koide and Hayashi 1993; Al-Attal et al. 2003; Sabara et al. 2004 ) activity and daily (Lee et al. 2003) pollination patterns is useful for management planning. Monitoring foraging activity has revealed the effects of pesticides (Tasei et al. 2001; Alarcon et al. 2005) , diseases (Whittington and Winston 2003; Gegear et al. 2005 Gegear et al. , 2006 Otterstatter et al. 2005 ) and drifting of workers between colonies ) in bumblebees' floral visitations. Different species of pollinators may or may not show different patterns of activities and pollination effectiveness (Asada and Ono 1996; Whittington and Winston 2004; Li et al. 2006) . The behaviour of greenhouse pollinators is influenced by the kinds of crops being grown and their floral characters (Roldan-Serrano and Guerra-Sanz 2005; Lefebvre and Pierre 2006). Also, the newer use of bumblebees as disseminators of biocontrol agents
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We describe a new, electronic, apparatus for measuring the activity of bumblebees as they fly from and to their nests. The bee activity recorder (BAR) works on the principle that bees leaving and returning to their nest crawl through a tube equipped with infrared emitters and detectors so that when the beam is interrupted by the passage of a bee, the event is recorded as either an exit or an entry. Tests of BARs indicate that they are highly accurate, BAR counts and visual counts highly correlated with an almost one-to-one correspondence. We suggest that BARs can be used for recording the foraging activities of bumblebees through nest exit and entry counts in many practical and research applications. against insect pests and plant pathogens in greenhouses (Al-mazra'awi et al. 2006; Kevan et al. 2007 Kevan et al. , 2008 requires monitoring for possible influences on pollination efficiency.
The most commonly used way of monitoring has been by direct human observation, but having personnel devoted to counting bumblebees leaving and entering their nests is expensive, tedious and prone to error. Morandin et al. (2001a Morandin et al. ( ,c, 2002 effectively employed a portable counter that fitted easily to the entrance of commercially available bumblebee nests to record the exits and entries of the resident bumblebees. The data from that recorder did not discriminate between exits and entries, and could not be downloaded into a computer. Nevertheless, from that innovation, we developed improved technology and developed the bee activity recorder (BAR) described herein.
Description of the Bee Activity Recorder
Our device uses infrared (IR) beams to detect the passages (exits and entrances) of bees through a tunnel ( fig. 1 ), which is attached to the entrance into the bee nest ( fig. 2) . The IR beams operate at a wavelength of 950 nm so are invisible to bees. Two IR beams are used to detect the direction (in or out) of bee movement ( fig. 1 ) by detecting the order of disruptions by the bees. The IR emitters are on opposite walls of the tunnel so as to not interfere with each other. This also allows the distance between the emitters to be small. The distance between emitters is less than the average length of a bumblebee so that the emitters respond to the activity of only one bee at a time. The inside diameter of the tunnel is such that only one bee can pass through at a time. The inside of the sensor head is 
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Measuring foraging activity in bumblebee nests painted a flat black to reduce light reflections from the sky and sun hitting the IR detectors. The wire leads are coated with rubber to protect them from the environment. Each BAR has an external sensor head (the entrance and exit tunnel to the nest) holding the IR emitters and detectors, a box of electronics (microcontroller housing coupled with an adjustable electronic clock), two power cables [each with either a socket (receptacle) or a plug] and an RS232 standard computer-communication connector. The plug connects to the DC power supply either on a DC power adapter or another BAR's power cable. The RS232 (DB9) connector is used to collect (download) the stored data to a computer for analyses. Future designs of the BAR could use wireless or ethernet communication for data collection. The BAR is powered by 12 V DC, wall mounted, power supply adapter to allow use of mains electrical power. The AC power in some locations may fluctuate greatly so we used an uninterruptable power supply (UPS) to filter and regulate the mains power. UPSs are inexpensive and readily available and one UPS can be used to power several chains of BARs. The BAR can be use individually ( fig. 3a) or up to five can be connected together in series ( fig. 3b ) on one power supply. Connecting the BAR power cable into the power receptacle of the preceding BAR makes a chain of BARs. The arrangement that we developed was selected to make operational assembly as simple as possible and to keep manufacturing costs as low as possible. Table 1 presents the information recorded by the BAR that is used to determine whether or not the bee is leaving or entering the nest through the tunnel.
The BAR can save 262 140 sample periods with each sample period containing 15 'in' and 15 'out' Measuring foraging activity in bumblebee nests P. G. Kevan et al. events. The sample period duration can range from 2 to 5 s. That gives the BAR a total capacity of 7 864 200 events (in and out) covering a range of 6-15 days. If the BAR looses power, it restarts and overwrites any saved data. The counters that we have designed and constructed can be custom made for about $195 US. Although people with appropriate technical skills could make their own BARs, it is beyond the scope of this paper to provide a listing of all the components needed to do so.
Testing the BARs
Although the counter counts exactly and only the number of times the light beam is interrupted. It is known that bumblebees, as other bees, may venture to the exit of the nest only to turn round and return to the interior. It is also well known that colonially nesting bees may post-guards at the nest entrances. Both behaviours would result in counts additional to those reflecting foraging trips. Our counters were designed so that only one bee at a time could easily walk through the sensor head. Thus, the counts we obtained were of individual bees breaking the light beam. To test the accuracy of the counters, we recorded bumblebees actually leaving and entering the colonies in greenhouses illuminated by natural daylight except as attenuated by the coverings [see Morandin et al. (2002) for effects of greenhouse coverings on foraging activity] for standard periods (up to 30 min) over several days between 09:00 and 15:00 hours North American Eastern Daylight Measuring foraging activity in bumblebee nests P. G. Kevan et al. Savings Time. We then compared the actual foraging counts with the counts obtained by the counter. The slopes of the graphs are not different from one, but reflect two minor sources of error: observer error, especially in recording entries in the commercial greenhouse ( fig. 4 , top left) and bees that did not actually exit but were recorded in the tunnel of the BAR. Both sources of error result in higher counts by the BAR than would be recorded by direct observation to account for the slopes' being slightly more than 1.0. Given the level of accuracy and reliability of the BARs that we have described, longer-term records of bumblebee activity can be analysed. Figure 5 (a) presents 10 days of records for a single bumblebee colony and fig. 5 (b) the average daily activity for that colony recorded for those 10 days. It is beyond the intent of this paper to discuss the early morning (pre-dawn) activity recorded for two of those days ( fig. 5 ). Nevertheless, on-site monitoring indicated that the results presented are unusual and perhaps represent a bee, or bees, became active at the exit in response to disturbance. Records showed that greenhouse vents opened and closed at about that time on those days and that the times between 'exit' and 'entrance' were only a few seconds, i.e. not foraging trips. The records for the other 8 days show that the bees became active at dawn, except on cloudy days.
Although our results attest to the accuracy of the BARs in operation, we recommend that anyone using them calibrate them through direct observation. Different species of bumblebees, and other bees behave differently at the entrances to their nests.
